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ABSTRACT: The conversion of CO, to nanocarbons addresses a dual goal of €O: Mg
harmful CO, elimination from the atmosphere along with the production of valuable {:2 8
nanocarbon materials. In the present study, a simple one-step metallothermic CO,
reduction to nanocarbons was performed at 675 °C with the usage of a Mg reductant.
The latter was employed alone and in its mixture with ferrocene, which was found to Ferrocene controls
control the morphology of the produced nanocarbons. Scanning electron microscopy 0tfhti:]g;)pzhggiye3'}3::222:33’115 T ea v
(SEM) analysis reveals a gradual increase in the amount of nanoparticles with  with high specific capacitance R mm
different shapes and a decrease in tubular nanostructures with the increase of ;
ferrocene content in the mixture. A possible mechanism for such morphological ~
alterations is discussed. Transmission electron microscopy (TEM) analysis elucidates =%, % +RX
that the nanotubes and nanoparticles gain mainly amorphous structures, while sheet-
and cloud-like morphologies also present in the materials possess significantly
improved crystallinity. As a result, the overall crystallinity was preserved constant for
all of the samples, which was confirmed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) techniques.
Finally, electrochemical tests demonstrated that the prepared nanocarbons retained high specific capacitance values in the range of
200—-310 F/g (at 0.1 V/s), which can be explained by the measured high specific surface area (650—810 m*/g), total pore volume
(1.20—1.55 cm®/g), and the degree of crystallinity. The obtained results demonstrate the suitability of ferrocene for managing the
nanocarbons’ morphology and open perspectives for the preparation of efficient “green” nanocarbon materials for energy storage
applications and beyond.
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1. INTRODUCTION Different nanocarbon morphologies such as graphene, carbon
nanotubes, nanofibers, nano-onions, nanospheres, nanocubes,

It is widel ted that the global at heric CO
18 widely @ccepte : ¢ grobal atmospicc 2 nanosponges, or nanoscaffolds were derived from CO, by

concentration has a direct influence on the Earth’s average

; . 12,13 :
surface temperature and climate."” As the Gaia theory states, applying  several methods like plasma, electrochemical

(molten salts”'”'*™'® and room temperatureg’lg’zo), and
catalytic liquid metal”"”” methods and conversion with the
usage of reducing agents (hydrides/borohydrides®**** and
alkali/alkaline earth metals”®*>~>). The plasma and molten
salt-assisted electrochemical methods are maybe the oldest
methods used for CO, conversion to nanocarbons which,
however, utilize sophisticated facilities. The electrochemical
room temperature and liquid metal-based catalytic conversion
are newly emerging approaches in this direction that unluckily
employ toxic organic electrolytes or expensive liquid metal
catalysts. Then, being a well-known process, the reduction with

over millions of years, the Earth, like a giant living organism,
constantly responded to different environmental disturbances
through complex self-regulating mechanisms seeking equili-
brium and trying to keep its own habitability.”* However, due to
anthropogenic factors, the unprecedented rate of CO, increase
during the last decades” puts this fragile equilibrium in danger of
being broken, pushing the climate to an extreme level with
catastrophic consequences for humans if no measures will be
taken.

The CO, conversion into value-added materials is an
alternative challenging measure in the solution of climate
problems. Efforts have been made to convert CO, into (i)
gaseous (carbon monoxide, syngas, hydrocarbons, etc.), (ii)
liquid (methanol/ethanol, formic/acetic acids, methyl/ethyl Received: May 9, 2023
formates, etc.), or (iii) solid (carbonates, nanocarbons, etc.) Accepted:  July 7, 2023
products.”~"" Nonvolatile solid nanocarbons are very attractive Published: July 31, 2023
end products since they are suitable for long-term and safe

reducing agents “gets a new breath” with the development of

storage. Moreover, they possess a great potential for applications
. . . : 1 7,8,10,11
in many fields, including energy storage materials.
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CO, conversion technologies. The CO, reduction by alkali and
alkaline earth metals, also known as metallothermic reduction,
attracts attention for its simplicity, safety, and possibility to be
performed in one step and under atmospheric pressure.
Compared to the other mentioned methods, it does not
produce gaseous products and therefore, fire or explosion
hazards are eliminated. Also, alkali and alkaline earth metals are
inexpensive and nontoxic materials.

It should be mentioned that the first experiments on
metallothermic CO, reduction to nanocarbons over Li, K, Na,
Ca, Mg, or other reactive metals were performed in closed-tzrpe
batch reactors,””>' 37 which, in the case of gaseou527’31_3‘ or
supercritical’*** CO,, required fairly high pressures. However, a
recent study’® showed that CO, could be reduced to
nanocarbons with controlled morphology at the atmospheric
pressure in a continuous flow-type reactor by a Mg reductant.
The temperature-dependent physical state of Mg metal (solid,
liquid or gaseous) was the deterministic factor in formation of
diverse structures like graphene, carbon nanotubes (CNTs), or
nanoboxes. Later works investigated the effect of metals such as
Zn,*** Cu,*" Ni,"*** or Ca™ used in combination with Mg on
the morphology, graphitization degree, porosity, or yield of the
prepared nanocarbons. The variation of reaction conditions,
namely the reaction temperature, duration, and atmosphere
during heating-up, was shown to influence the yield and
mesoporosity of a variety of porous nanocarbons.”” By adjusting
the position of the substrate and reaction time, it was possible to
synthesize CNTs with hierarchical multichannel structures,46
while the MgO templating led to the formation of nanocarbons
with hierarchical raspberry-like superstructures.’” Also, self-
sustained combustion of Mg/MgO and Mg/MgO/soft or
activated carbon in a CO, atmosphere resulted in the production
of high-quality monodispersed mesoporous graphene”® and
hierarchical porous graphene composites.””** N-doped highly
conductive porous graphene networks were prepared either by
adding N, in gas flow"® or by mixing Mg powder with N-
containing compounds like hydrazine monohydrate,49 ethanol
amine,” and melamine’’ in different combustion processes.
The nanocarbons prepared in the mentioned studies through
metallothermic CO, reduction over Mg or its mixtures with
other metals, carbons, and chemical compounds were
demonstrated to be excellent nanomaterials for applications in
supercapacitors, 253133383943 484647S1 |t o e 31424849
fuel**° and solar’"*” cells, or CO, capture.*>*

In present research, the metallothermic CO, reduction was
performed over a mixture of Mg with ferrocene (C,,H;oFe)
powder. Ferrocene was chosen because it is a widely used metal
catalyst and carbon source for the preparation of carbon
nanomaterials with different morpholo§ies by chemical vapor
deposition (CVD),*>™** pyrolysis,”**”®" solvothermal,***
and other techniques where it participates alone or in
combination with other catalysts and carbon sources. In
particular, it is best known for the synthesis of
CNTs,>~*>**~%* but morphologies like %raphene,sz’% carbon
na\nospheres,sz’59 aerogels,57 sponges,5 etc. can also be
referenced. Interestingly, ferrocene was pyrolyzed in super-
critical CO,,°" where the former was decomposed into
hydrocarbons and iron nanoparticles, while the latter played
the role of an oxidizer for the iron nanoparticles, which
transformed into iron oxide nanoparticles and catalyzed the
CNTs’ growth from the hydrocarbons formed. So, taking into
account the above-discussed background, the conceptual and
methodological advances of the present work lie in managing the

diversity of the nanocarbon morphologies produced in a
magnesiothermic CO, reduction process via the introduction
of ferrocene to the system, which would be useful in catalyzing
the growth of specific nanocarbon morphologies. To the extent
of our knowledge, this work is the first attempt to examine the
influence of ferrocene on the morphological, structural, and
chemical properties of nanocarbons derived from CO, through
magnesiothermic reduction. It is established that the increase of
the ferrocene content in the mixture with Mg activates the
formation of nanoparticles at the expense of tubular
nanostructures at 675 °C, which is a lower temperature
compared to the nanoparticles’ synthetic temperature reported
in the literature.”® Moreover, the produced nanomaterials were
further electrochemically tested for their possibility of being
employed as supercapacitors.

2. EXPERIMENTAL SECTION

2.1. Synthetic Procedure. The synthesis of nanocarbon
materials was performed in the following way. Mg powder (Alfa
Aesar, 99.8%, 325 mesh) was hand-mixed in different amounts
with ferrocene (Sigma-Aldrich, 98%). The total weight of the
reagents in each experiment was 1 g, while the weight of Mg in
different experiments was 1.0, 0.95, 0.9, 0.8, 0.7, and 0.6 g,
respectively. The mixed powders were placed in an alumina
crucible and heated in a tube furnace to 675 °C, which is a
slightly higher temperature than the melting point of Mg (~650
°C). A heating rate of 10 °C/min under Ar flow at S0 mL/min
was applied. After reaching the set temperature, CO, at 50 mL/
min was added to the Ar flow. The duration of reduction in each
experiment was 60 min. Then, CO, was turned off and the
sample was left to cool to room temperature under a SO mL/min
Ar flow. After the reaction, the black product was collected and
stirred in a 3.0 M HCl solution at ~70 °C for 3 h to remove the
unreacted Mg and the produced byproducts. Finally, the
suspension was washed with deionized water several times
until the pH value of the supernatant became ~7 and then dried
in a furnace at 60 °C. The obtained powders were designated
according to the initial weight of the Mg reagent as follows:
Mgl-0, Mg0-95, Mg0-9, Mg0-8, Mg0-7, and Mg0-6. The
nanocarbons’ yield is given in Table S1.

2.2. Morphological and Structural Characterizations.
Scanning electron microscopy (SEM) images of the prepared
materials were obtained with an FEI Inspect electron micro-
scope operated at 25 kV using a secondary detector for image
formation. Samples were sputter-coated with gold to avoid
charging problems. The fine details of the samples’ morphology
were studied with transmission electron microscopy (TEM)
utilizing an FEI Talos F200i field-emission (scanning) trans-
mission electron microscope (Thermo Fisher Scientific Inc.,
Waltham, MA) operated at 200 kV and equipped with a
window-less energy-dispersive spectroscopy microanalyzer
(6T/100 Bruker, Hamburg, Germany). The TEM samples
were prepared by depositing and evaporating in air a droplet of
the powders dispersed in ethanol onto ultrathin carbon films
supported on copper TEM grids. The X-ray diffraction (XRD)
patterns were taken on a Siemens D500 diffractometer with a Cu
Ka radiation source in a Bragg—Bretano geometry. The
scanning velocity was 0.03°/3 s. Raman spectra were measured
using an inVia Renishaw Raman microscope equipped with an
Ar+ laser excitation source (514.5 nm) and operated at 5 mW to
avoid sample damage. The backscattering geometry with a 50x
objective lens and an exposure time of 50 s was employed. The
surface chemical composition and the valence state of the

https://doi.org/10.1021/acsomega.3c03207
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elements were determined via X-ray photoelectron spectroscopy
(XPS) by employing an ultrahigh vacuum VG EXCALAB 210
electron spectrometer with an Mg Ka radiation source. The
liquid N, adsorption/desorption isotherms were obtained with a
Quantachrome Autosorb-iQ instrument. The specific surface
area and the pore size distribution of the samples were estimated
from the isotherms by the Brunauer—Emmett—Teller (BET)
and Barrett—Joyner—Halenda (BJH) methods. Prior to the
measurement, the samples were degassed at 150 °C for 6 h.
2.3. Electrochemical Characterization. The electro-
chemical measurements were performed on a Metrohm Autolab
PGSTAT302 potentiometer in a three-electrode configuration.
Glassy carbon (GC), Ag/AgCl (3 M KCl), and a Pt plate served
as working, reference, and counter electrodes, respectively. The
electrode ink was prepared in a similar way as described in our
recent work.** Thus, 2 mg of washed powder was mixed with 0.2
mL of ethanol and 20 uL of Nafion, followed by sonication for
30 min. After that, 20 4L of the dispersion was dropped ona GC
electrode and dried for 3 h at 60 °C in a furnace. The mass of the
electrode material was calculated to be 40 pug, taking into
account the dimensions of the drop and GC electrode. To
ensure repeatability, three electrodes for each material were
prepared and tested. The estimated error for measured
capacitance values was in the range of 5—7%. Cyclic
voltammetry (CV) measurements were done in a potential
window from —1.0 to +1.0 V at several potential scan rates (0.02,
0.05, 0.1, 0.2, 0.3 and 0.5 V/s). The galvanostatic charge—
discharge (CH-DCH) tests were carried out at several constant
current density values (2.5, 6.25, 12.5 and 25.0 A/g).
Electrochemical impedance spectroscopy (EIS) was conducted
in a frequency range from 0.1 Hz to 100 kHz with a sinusoidal
perturbation of 0.01 V. The life cycle of the prepared materials
was tested with the help of the CH-DCH technique by applying
2000 cycles (cycle duration ~20 s) at a current density of 62.5
A/g within the same potential limits as in the CV measurements.
An aqueous solution of 0.5 M Na,SO, was used as an electrolyte.

3. RESULTS AND DISCUSSION

The SEM analysis of the prepared nanocarbons reveals the
coexistence of morphologies with irregular and specific regular
shapes. In the Mgl-0 sample (Figure la—c), bundles of
intertwined randomly arranged nanotubes or nanofibers
alternate with assemblies of nanoparticles in the form of cubes
and spheres. The tube walls are not even and are covered with
smaller particulates resembling buds on plant stems. Some tubes
seem to be formed of tightly jointed separate segments. The
nanoparticle surface, in contrast, is quite smooth. Some
nanospheres or nanocubes appear to be glued together, which
in several cases results in the deformation of their shapes.
Changes can be observed in the morphology of the regularly
shaped nanocarbons produced over Mg/ferrocene mixtures.
Thus, as the ferrocene content increases, nanocubes and
nanospheres become the prevailing regular morphology, while
tubular nanostructures tend to disappear (Figure 1d—f) until
only single occasional tubes or fibers can be found in the
materials prepared over the mixtures with higher amounts of
ferrocene (Figure 1g—i). The tubular nanostructures vary in
their diameters, which in the majority are larger than 100 nm and
can reach, in some cases, the extremely large values of ~500 to
600 nm observed from the SEM images. This implies that they
are not hollow but dense fibers. In contrast, the cubic and
spherical nanoparticles are hollow, as can be seen from the
images where they appear to be broken (Figure le,f). Their

Figure 1. SEM micrographs of nanocarbons with different
morphologies taken for samples Mgl-0 (a—c), Mg0-8 (d—f), and
Mg0-6 (g—i) at different magnifications: 20 000X, scale bar 2 ym (a—e,
g, h) and 40 000X, scale bar S um (f, i).

dimensions vary to a large extent, with the values frequently
entering the ym range (~1.2 to 1.5 ym). The observed diversity
in nanocarbon morphologies also reported in our recent
works**** can be explained by the highly exothermic CO,
reduction reaction, which releases huge amounts of heat and
can cause locally much hi%her temperatures than the set reaction
temperature of 675 °C.”**”** The local variations of the real
temperature on the surface of Mg particles lead to the presence
of Mg in different physical states governing different
mechanisms of nanocarbon formation and, therefore, different
nanocarbon morphologies.”® Our experiments show that the
addition of ferrocene in a mixture with Mg favors the formation
of the nanocubes or nanospheres, which follow the templating
encapsulation growth mechanism at the Mg vapor/CO, gas
interface at the expense of the tubular nanostructures, which are
formed through the liquid metal drop-assisted growth at the Mg
liquid/CO, gas interface. This outcome can be explained as
follows. Ferrocene starts to evaporate at a much lower
temperature (249 °C) than the melting point of Mg (650 °C)
and the set reaction temperature, which assists in preserving the
Mg grains at some distance from each other, thereby facilitating
the CO, penetration in between the grains. The loosely stacked
Mg grains then easily turn into vapor during the rigorous process
of CO, reduction, which promotes the templating encapsulation
growth of nanocubes or nanospheres. Another explanation that
can be given suggests hindering the precipitation of carbon
tubular nanostructures on the surface of liquid Mg droplets by
iron or iron oxide nanoparticles. These nanoparticles originate
from the decomposition of the ferrocene that remains and is
trapped by Mg grains, which takes place at ~500 °C when Mg is
still in a solid state.

The details of the nanocarbon structure can be understood
from the TEM micrographs (Figure 2). Tubular nano-
morphologies found in the prepared samples differ from the
conventional CNTs bearing walls with characteristic graphite

https://doi.org/10.1021/acsomega.3c03207
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(a)

@
Figure 2. TEM micrographs of nanocarbons with different
morphologies taken for samples Mgl-0 (a—c), Mg0-8 (d—f), and
Mg0-6 (g—i) at different magnifications: 17.7kX, scale bar 500 nm (a);
36kX, scale bar 500 nm (b, f); 8.6kX, scale bar 1 um (c—e); 5.5kX, scale
bar 2 yum (g); 22.5kX, scale bar S00 nm (h); and 28.5kX, scale bar 500
nm (i).

layers arranged parallel to the tube axis. Some tubes contain
scarcely distinguished discontinuous central channels evolving
in a network of the hierarchical chaotical channels and pores that
fill practically the whole inner tube volume as, for example, those
presented in Figure 2a,b. Another distinctive feature of these
tubes is the presence of branches and small buds on the surface,
which was also observed by the SEM imagining. There are also
continuous fibers with inhomogeneous carbon distribution and
irregular surfaces along their length (Figure 2c,d). Then, the
TEM analysis proves that the nanoparticles produced in
different experiments are hollow independently of their shapes.
Some particles possess shells with clearly outlined inner
boundaries (Figure 2e,g,i), while in the other ones, these inner
boundaries are distorted (Figure 2h,i). Also, there can be found
sheet-like and cloud-like structures that appear to stand
separately or envelop nanotubes and nanoparticles (Figure
2b,f-h).

Interestingly, the higher resolution TEM micrographs
(Figures 3 and 4) show that the inner part of the tubes and
fibers consists of amorphous carbon, while a thin surface layer
and occasionally occurring carbon “curls” on the tube/fiber
surface contain chaotically oriented short-range ordered graph-
itic layers interchanged by amorphous regions (Figures 3a—c
and 4a—d). The amorphous shell and the short-range ordered
outermost surface layer of the shell are also typical features of the
nanoparticles of different shapes, which is evident from Figures
3d—f and 4e—g. At the same time, the sheet-like and cloud-like
structures are composed of the long-range and short-range
ordered carbon regions, which, in some cases, enclose small
islands with amorphous carbons (Figures 3g—i and 4h—j). So, it
becomes clear that in our experiments, the prepared regularly
shaped nanocarbon morphologies are generally amorphous in
their nature, while the irregular ones possess much higher
crystallinity. For better observation of amorphous, short-range,

Figure 3. TEM micrographs with low and medium resolutions taken for
sample Mg1-0 with magnifications: 630kX, scale bar 20 nm (a, ¢, d, f, 1);
58kX, scale bar 200 nm (b); 74kX, scale bar 100 nm (e); 390kX, scale
bar 20 nm (g); and 36kX, scale bar S00 nm (h). Indicatively, some
regions with short-range (SR) and long-range (LR) ordered graphitic
layers are enclosed by oval and rectangular shapes marked in yellow and
green, respectively.

Figure 4. TEM micrographs with low and medium resolutions taken for
sample Mg0-8 with magnifications: 46kX, scale bar 200 nm (a, f);
630kX, scale bar 20 nm (b, e, b, j); 54kX, scale bar 100 nm (c); 390kX,
scale bar 20 nm (d); 190k, scale bar S0 nm (g); and 58kX, scale bar
200 nm (i). The same labeling of the regions with short-range (SR) and
long-range (LR) ordered nanocarbons as in Figure 3 is used here.

and long-range ordered regions, selected TEM micrographs with
fragments of fibers, nanoparticles, and sheet-like structures
accompanied by cropped images of the original micrographs are
given in Figures S1—S3.
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Additionally, high-angle angular dark field scanning TEM
(HAADF STEM) images and the corresponding energy-
dispersive X-ray (EDX) elemental mapping were performed
for the prepared materials directly after CO, reduction and prior
treatment with HCl. This was done in order to elucidate the
presence and distribution of C, Fe, Mg, and O elements. The
elemental maps given for sample Mg0-7 in Figure Sa—f reveal

Figure 5. HAADF STEM images of sample Mg0-7 before HCI
treatment (a); EDX elemental mappings of C (b), Fe (c), Mg (e), and
O (f) elements; and overall EDX scan (d). HAADF STEM images of
sample Mg0-6 after HCl treatment (g, i) and EDX elemental mappings
of C (h,j). Micrographs’ magnifications: 6kX, scale bar S ym (a—c, e, f);
47kX, scale bar 500 nm (g, h); and 33kX, scale bar 500 nm (i, j).

that all of the elements own almost the same distribution,
reproducing practically the real contours of different nano-
carbon morphologies presented in the sample. This suggests that
Fe does not by itself catalyze distinct nanomorphologies but
seems to have a rather beneficial impact. Being encapsulated
within carbon nanostructures, it contributes to porosity
formation after its removal. Then, the HAADF STEM images
and elemental maps for the C element performed for the Mg0-6
sample after treatment with HCl are shown in Figure 5g—j. They
display the C element distribution in shells of different
nanoparticles and indicate that the bright regions in the center
of nanoparticles visible in the dark field images belong to C as
well.

The XRD patterns of the black products collected directly
after the CO, reduction process reveal several intense peaks
attributed to MgO residue in all experiments. In some samples,
traces of unreacted Mg powder can also be detected, as shown
for sample Mg0-7 in Figure 6a. The carbon peak (002) at 26 ~
26.0° is very weak on the background of the well-crystallized
residues. The presence of Fe is not observed, which can be
attributed to its amount lower than the detection limit of 3%,
characteristic of the XRD technique. The XRD patterns of the
nanocarbons prepared with different Mg and ferrocene amounts
after the removal of the residues are given in Figure 6b. All
materials exhibit a relatively strong (002) peak at 20 ~ 26.0° and
very weak and not clearly resolved (100) and (101) peaks in the

32,35,44

range of 26 ~ 42.0—45.0°, ascribed to graphitic carbons.
The strong (002) peaks evidence quite good crystallinity of the
prepared nanocarbons. At the same time, the asymmetry in their
line shapes and the presence of ill-defined merged (100) and
(101) peaks suggest incomplete stacking or disorder in the
relative position of carbon atomic layers, also referred to as
“turbostratic” stacking,**~***% To determine the contribu-
tion of fractions with more and less disorder, known as less-
developed crystalline carbons (LDCC) and more-developed
crystalline carbons (MDCC),*"® the deconvolution of the
peaks (002) was performed. This was done by applying the
double Voigt fitting after the background removal and peak
smoothing. The results of the calculated area-based relative
fractions of LDCC and MDCC as well as the interlayer distances
doop connected to each of the fractions are given in Table 1, while
the fitting curves are shown in Figure 7. It can be seen that the
less- and the more-developed carbons are present in all of the
samples in approximately equal amounts. Also, the dy, of the
LDCC fraction exhibits a slightly increasing trend by changing
from 0.356 to 0.370 nm, but the dy, of the MDCC fraction
remains practically constant, taking the value of ~0.342 nm,
which approaches that of ideal graphite (0.335 nm). According
to the TEM results, the LDCC or amorphous carbons are
associated mainly with regularly shaped nanostructures, while
MDCC are inherent to irregularly shaped ones. This allows us to
conclude that the regular and irregular shapes appear in
approximately equal amounts in all of the samples.

The Raman spectra of the investigated samples taken at
different measurement points demonstrate some variability
assigned to differences in the degree of structural ordering of the
prepared materials. Thus, points with pronounced but
broadened first-order peaks D and G at ~1345 and 1572 cm™
and a weak second-order 2D peak at 2690 cm ™" forming a bump
with neighboring peaks were observed in all samples (not shown
in the paper). Such behavior evidences the presence of strongly
distorted and/or small lateral-size graphite-like clusters.””** At
the same time, points with narrower D and G peaks, smaller D,
and more intense 2D peaks representing less distorted and
better-ordered carbon networks can be found as well (Figure
6¢). It is worth noting that in materials produced over Mg/
ferrocene mixtures, more measurement points with better
ordering were detected compared to the material produced over
a bare Mg reductant. However, despite the presence of more
intense 2D peaks, their symmetric feature designates turbos-
tratic layer stacking.’”*® Possibly, just because of turbostraticity,
the overall material crystallinity appeared practically unchanged
for all of the samples, as shown by the XRD analysis.

The specific surface area (SSA) and porosity of the prepared
nanocarbons were obtained from the analysis of liquid N,
adsorption/desorption measurements. As shown in Figure 6d,
the materials exhibit type II isotherms with H3 hysteresis loops
indicative of mesoporous structures.””**** The calculated BET
SSA and total pore volume are given in Table 2. It can be seen
that the SSA for different samples achieves high enough values
that vary from ~650 to 810 m*/g, while the pore volume is
between 1.20 and 1.55 cm®/g, with neither of the parameters
showing a distinctive trend. The pore size distribution curves
given in Figure 8 for all samples exhibit a very narrow peak at a
pore diameter of ~3.5 nm and a much broader one in the range
of 8—16 nm. This broader peak is practically flat in Mg1-0, and it
tends to increase in samples prepared with a higher amount of
ferrocene. So, it is important to mention that the lowest values of
SSA and pore volume belong to Mgl-0 prepared without
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Figure 6. Measured XRD patterns of sample Mg0-7 prior to treatment with HCI (a) and of all samples after treatment with HCI (b) and their Raman

spectra (c) and liquid N, adsorption/desorption isotherms (d).

Table 1. Calculated Area-Based Relative Fractions of Less-
Developed Crystalline Carbons (LDCC) and More-
Developed Crystalline Carbons (MDCC) with
Correspondent Interlayer Distances d,, Obtained from
Voigt Fitting of the (002) Peaks in XRD Spectra of the
Prepared Nanocarbons

LDCC MDCC

LDCC MDCC

fraction fraction oo doozs
sample (%) (%) 20,grad  nm  26,grad  nm
Mgl-0 48 52 24.748 0.356 26.094 0.341
Mg0-95 46 54 24.805 0.359 26.154 0.341
Mg0-9 48 52 25.010 0.356 26.14S 0.341
Mg0-8 48 52 24.803 0.359 26.032 0.342
Mg0-7 46 54 24.181 0.368 26.122 0.341
Mg0-6 47 53 24.049 0.370 26.002 0.343

ferrocene. The addition of ferrocene in the mixture with Mg
leads to the production of nanocarbons with higher SSA and
pore volume and drives the development of mesopores with
larger diameters of 8—16 nm. Therefore, it can be postulated
that Mg is responsible for the formation of mesopores with
smaller diameters, while Fe promotes the formation of
mesopores with larger diameters, which takes place after the
removal of correspondent metal and metal oxide residuals.
The XPS analysis gives further information about the
elemental composition and chemical bonding at the surface of
the prepared materials. The elemental composition is
summarized in Table 3. Except for C, some amount of O in
the range of 11—14% is present in all of the samples, which
possibly originates from the oxygen functional groups formed
due to the CO, source participating in the reduction reaction.
Also, traces of Mg, Fe, and Clin an amount lower than 2, 0.5, and
0.5%, respectively, are detected in different samples as a result of
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Figure 7. Voigt fitting of the XRD (002) peaks performed for samples
Mg1-0 (a), Mg0-95 (b), Mg0-9 (c), Mg0-8 (d), Mg0-7 (e), and Mg0-6
().

the incomplete Mg, Fe, and their oxides’ removal by applying the
HCl treatment procedure. The C 1s spectra of the nanocarbons
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Table 2. BET-Specific Surface Areas (Sgzr) and Total Pore
Volume of the Prepared Nanocarbon Materials

sample Sper, m*/g total pore volume, cm®/g
Mgl-0 648 1.20
Mg0-95 809 146
Mg0-9 739 1.36
Mg0-8 796 1.55
Mg0-7 761 125
Mg0-6 713 1.30
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Figure 8. BJH pore size distribution curves of the prepared
nanocarbons calculated for samples Mgl-0 (a), Mg0-95 (b), Mg0-9
(c), Mg0-8 (d), Mg0-7 (e), and Mg0-6 (f).

Table 3. Atomic Percentage of the Elements in the Prepared
Materials after HCI Treatment Detected by the XPS
Technique and the Calculated Relative Percentage of the sp’-
and sp*>-Bonded Carbons Obtained from the Deconvoluted C

1s Spectra
c(C O(0 Mg(Mg Fe(Fe cl(cl

1s) 1s) 2p) 2p) 2p) sp>  sp°
sample % % % % % % %
Mgl-0 84.87 13.47 12 0.00 0.46 S5 45
Mg0-95 86.58 11.28 1.28 0.46 0.4 58 42
Mg0-9 86.02 12.54 0.8 0.32 0.32 65 35
Mg0-8 85.56 11.83 1.79 0.41 0.4 63 37
Mg0-7 84.66 13.79 0.96 0.37 0.23 43 57
Mg0-6 86.59 11.60 1.09 0.38 0.35 62 38

shown in Figure 9 demonstrate the formation of C=C, C—C,
and C=0 bonds positioned at ~284.5,285.5, and 288—289 eV,

26
respectively.

0

** No peak or shoulder at lower binding energies

related to the C—Fe bond is observed, which could be caused by
the insertion of Fe into the carbon lattice and the formation of
carbides FeC.>® The relative amounts of the C=C and C—C
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Figure 9. XPS C 1s spectra of the prepared nanocarbons measured in
samples Mg1-0 (a), Mg0-95 (b), Mg0-9 (c), Mg0-8 (d), Mg0-7 (e), and
Mg0-6 (f).

bonds calculated from their peak areas (Table 3) prove that the
materials consist of roughly equal parts of sp> and sp® carbons,
which was also revealed by the XRD analysis.

The prepared nanocarbons were subjected to a set of
electrochemical tests, which include CV, CH-DCH, and EIS,
in order to assess the possibility of their application as
supercapacitors. The results of the tests are demonstrated in
Figures 10—12. Also, the values of specific capacitance
calculated using the three mentioned methods for the prepared
materials are given in Table 4. The analysis of the graphs
constructed for different methods reveals that all of the prepared
nanocarbon electrode materials approach the behavior of typical
supercapacitors. Such behavior is expressed by nearly
rectangular profiles of the CV curves at lower scan rates,
isosceles triangular shapes of the CH-DCH plots, and the
impedance Nyquist curves, which are practically vertical in the
low-frequency region. Some distortions can be observed in the
CV curves, which become more elongated leaf-like shaped at
higher scan rates (Figure 10), or in CH-DCH plots, which lose
their symmetry and turn to possess a rounded upper part of the
CH plot at higher voltages for lower current density values
(Figure 11). At the same time, the CH-DCH plots preserve their
symmetry in a slightly lower potential range, practically up to 0.8
V. Such distortions are a common phenomenon, and thegr are
explained by the charge transport limitations,”” " i
particular, by the inertness of electrolyte ions, which at higher
scan rates or voltage values fail to reach part of material pores
with the pore network structure affecting the accessibility to the
electrolyte.
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Figure 10. CV loops at different scan rates measured for samples Mg1-0 0.1 288.2 12.5 217.7
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g, and by Mg1-0, which exhibits values of 346.0 and 299.3 F/g at 03 231
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Mg0-9 and Mg0-95 with specific capacitance, which drops to
245.9 and 188.2 F/g for the first sample and to 277.9 and 213.3
F/g for the second one at the mentioned scan rates. Also, these
two samples reveal more deviations from the ideal super-
capacitor behavior, particularly noticeable from the elongated
CV and nonvertical Nyquist plots (Figures 10 and 12). In fact,
the inconsistent at first glance behavior of the capacitance values
of different samples can possibly be attributed to the alterations
in pore size distributions measured in the samples and,
specifically, to the “competition” that takes place between the
two mesopore populations found in the prepared materials.
Thus, the mesopores with smaller diameters of ~3.5 nm reveal
slight but chaotic variations in their amounts in different
samples, while the amount of the mesopores with larger
diameters in the range of 8—16 nm gradually increases. As a
result, Mg0-8 possesses the highest total pore volume, which, in
our case, seems to play a crucial role in influencing the
capacitance values.

The obtained results of the CH-DCH tests (Table 4) show
that the capacitance values are practically constant or bear a
slight decrease with the increase of current densities, which

reflects the ability of the materials to accept higher currents. The
capacitance values obtained through the EIS measurements are
in good accordance with the results of the other techniques.
Also, the prepared materials demonstrated quite a high cycling
stability, which was evaluated by applying CH-DCH cycling at a
current density of 62.5 A/g. It was shown that the capacitance
retention after 2000 cycles was not lower than 95% for different
samples. The characteristic cycle stability curves recorded for
samples Mgl1-0 and Mg0-6 are given in Figure S4.

In the end, the nanocarbons derived from the metallothermic
CO, reduction over Mg/ferrocene mixtures demonstrate high
specific capacitance values in the range of 200—310 F/g (at a
scan rate of 0.1 V/s). These values are similar or superior to the
values obtained for nanocarbons prepared by using the
metallothermic preparation route applied in the referenced
papers®$3133383943,464751 41 4 in our recent works* " with a
detailed comparable analysis given in the work.*" Special
emphasis should be made on the fact that nanocarbons with
prevailed nanoparticle morphology prepared over mixtures with
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Figure 11. CH-DCH curves at different current densities measured for
samples Mg1-0 (a), Mg0-95 (b), Mg0-9 (c), Mg0-8 (d), Mg0-7 (e), and
Mg0-6 (f).

Figure 12. Nyquist impedance plots recorded for samples Mg1-0 (a),
Mg0-95 (b), Mg0-9 (c), Mg0-8 (d), Mg0-7 (e), and Mg0-6 ().

higher ferrocene content in present work preserve high
capacitance values, which are much higher in comparison to
those obtained for nanoboxes synthesized in work™ at a
considerably higher temperature of 1000 °C. This can be
explained by the positive role of ferrocene influencing not only
the morphology but also the porosity of the nanocarbons
formed. It can be anticipated that these properties make the
produced nanomaterials suitable for a wider field of applications
such as CO, adsorption, energy storage, etc.

4. CONCLUSIONS

The addition of ferrocene in a mixture with a Mg reductant was
found to control the morphology of nanocarbons derived from
metallothermic CO, reduction. It is supposed that ferrocene
influences the kinetics of nanocarbons’ growth mechanisms
forcing the encapsulation growth of nanocubes or nanospheres
to predominate over the precipitation growth of tubular
nanostructures. The materials prepared with different ferrocene
contents in the mixture with the Mg reductant exhibited good
crystallinity, which remained constant due to the presence of the
less- and more-developed crystalline carbons in approximately
equal amounts. The good crystallinity can be attributed to the
presence of the irregularly shaped nanostructures with long-
range ordered carbons rather than the regularly shaped ones
with, inherent to them, amorphous nature. All of the materials
possessed a high specific surface area (650—810 m*/g) and total

29508

pore volume (1.20—1.55 cm®/g), which were higher in
nanocarbons prepared with ferrocene. This can be ascribed to
the presence of two mesopore populations with diameters ~3.5
and 8—16 nm formed after the removal of Mg, Fe, and their
oxides and associated with the Mg reductant and the ferrocene
additive, respectively. As a result, all of the prepared materials
possessed high specific capacitance values, with sample Mg0-8
exhibiting the highest total pore volume to attain the best value
of 308.2 F/g at a scan rate of 0.1 V/s.
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